This paper presents a brief review of the twin-screw extruder (TSE) process, analyses the fluid flow aspects of a new application of TSE in rheomixing casting, and simulates fundamental micro-mechanisms of the rheological behaviour of metallurgical alloys. The TSE is widely used as a mixing tool in the polymer industry. The numerical simulation of the TSE process is complex and there are only few simulation packages to provide an insight into TSE processing for viscoelastic flows. This study involves the systematic analysis of flow features of immiscible alloys in the TSE rheomixing process, the establishment of a simplified flow field, and simulation of the microstructure of immiscible alloy drops by the piecewise linear interface construction/volumeof-fluid method. It is noted that the microstructure of immiscible alloys is strongly influenced by the viscosity of the system, which dominates the interaction between droplets. The numerical results show good qualitative agreement with experimental results, and are useful for further optimization design of prototypical rheomixing processes.
Introduction
The twin-screw mixing process for semi-solid immiscible alloy casting has been developed prototypically [1] . The twin-screw extruder (TSE) process has been used mainly in the polymer industry as a dispersive mixing process before mould or extrusion die, and also for food processing. After flowing around the rotating twin-screw, melt materials enter the final mould or die whose function is to transform the circular flow section at the end of the screw into a complex shape. Immiscible alloys are advanced materials used for bearing applications in the automotive industry. The application of these alloys, however, has been limited, due to metallurgical problems related to liquid phase separation during casting. Because of mixing functions of TSE [2] , the rheomixing casting by TSE provides excellent metallurgical microstructure characteristics in semi-solid and immiscible alloy casting.
Evidences show that the solidified microstructure of cast immiscible alloys strongly depends on the hydrodynamic behaviour of the liquids during cooling [3] . Therefore, there is an increasing need to be able to control these complex metallurgical processes and hence, an improved capability to numerically simulate and study these processes. Numerical simulations are, in principle, ideally suited to study these complex immiscible interfacial flows and to provide an insight into the process that is difficult to obtain by experimentation. However, because of the limitations of numerical approaches, these flows present a challenge for simulation due to the presence of material interfaces of arbitrarily complex topology.
Review of TSE process
The TSE is widely used in industry, especially in polymer processing. There are a variety of TSE designs employed throughout the polymer industry, with each type having distinct operating principles and applications in processing. Designs can be generally categorized as co-rotating and counter-rotating. Here, discussions will be focused on fully intermeshing, lengthwise open, screw crosswise closed, and disc crosswise open, self-wiping, two flights, co-rotating TSE as this is one of the most successful types of TSE used for polymer processing, and is also used in the rheoroute casting process.
Construction features of TSE
A description of TSE classifications and configurations is given in [4] . The basic elements of the TSE are the screws and mixing blocks, such as the kneading discs. The elements of the screw, with suitable numbers of mixing blocks, are assembled together, in so-called modular form, inside the barrel in order to reach the best mixing efficiency within the duration of the process.
The self-wiping, co-rotating screws form v-shaped wedge areas that have four to five times more volume. This enables material to be transferred from one screw to the other, resulting in a renewal of material layers and surfaces. The net result is a higher degree of mixing.
Self-cleaning action is important for metallic alloys mixing to prevent material from adhering to the screw root. This is achieved by self-wiping motions. In co-rotating screws, one crest edge wipes the flanks of the other screw with a tangentially oriented, constant relative velocity. There is a higher relative velocity in this arrangement, and hence there is a sufficiently high shear velocity available to wipe the boundary layers, thus a more efficient and uniform self-cleaning action is achieved. Meanwhile, since no calender effect exists between the crest and flank of the screws as in counter-rotating screws, there is less wear. Therefore, co-rotating screws can be operated at much higher speeds with greater throughputs. The detailed structure and size of the design for the crest and flank of the screw could be different. Mixing block elements can be placed in different intervals and numbers with the screws, these being entirely dependent on the material and process in order to achieve the best mixing efficiency [5] . The construction of TSE for rheocasting process is depicted in [6] [7] [8] [9] .
Applications of TSE
Historically, TSE was first employed as a mixer in the early 1920s for rubber polymerization and was described in a patent in the 1930s [4] . The excellent dispersive mixing of highly viscous materials, continuous processing, plug flow behaviour, and multistaging capability are the main advantages of TSE as a blender and also as a chemical reactor in polymer, food and pharmaceutical industries. The developments and applications of intermeshing co-rotating TSE (ICoTSE) can be traced through hundreds of patent records. The patent technology on ICoTSE dates back to the beginning of the 20th century. Therefore, industrial applications of TSE were fully dependent on patent protections and developed by several groups independently [4] . The main application fields were polymer, food and pharmaceutical industries until 1978 when ICoTSE was applied in crystallization processes where crystals are broken up through shearing caused by the relative motion of the screw and barrel [10, 11] . With the invention of the semi-solid metal (SSM) process, where a metal liquid is stirred during solidification rather than using traditional static solidification process in order to obtain spherical microstructural crystals, ICoTSE was then used in SSM process to produce semi-solid slurry. The first application of single screw extruder (SSE) for metal thixomoulding was described in 1992 [12] and for rheomoulding in 1994 [13] . In the early 1980s, modular ICoTSE was developed at Brunel University (BU) [14, 15] . Recently, novel applications of intermeshing co-rotating self-wiping TSE (ICoSwTSE) have been developed successfully for SSM and immiscible alloys casting process, the so-called TSE rheorouting casting process by Fan and his co-workers [1, 16] , as well as patent applications of specially designed TSE for rheorouting casting process [6] [7] [8] [9] .
Experimental approach
The characteristics of an ICoTSE are extremely complex, and experimental studies are relatively limited. The investigations are mainly focused on flow visualization, pumping characteristics, residence time distributions (RTDs), mixing, heat transfer, devolatilization, and reactive extrusion.
The earliest reported studies of mechanisms of fluid motions in an ICoTSE are by [17] , who indicated that the fluid moved in figure '8' motions around the periphery of the screw [4] , and in periodic forward motions in the kneading disc section. A Newtonian fluid in a transparent barrel was studied by [18] in 1978 on an ICoTSE, and figure '8' motions found by [17] were reported. Later studies of the flow pattern of an ICoTSE reported on the pressure and drag flows in the kneading disc section [19] . The first investigations of fluid motions for modular screws were published by [20] in 1973 with a transparent barrel, in which alternate regions of filled and starved channels are observed. The pumping characteristics of a modular screw were studied experimentally due to their importance for continuous extrusion processes [20] [21] [22] [23] [24] . Recently, velocity distributions and volume flow of an ICoSwTSE were studied by using a laser Doppler anemometry (LDA) technique [25, 26] . The first studies of RTD in ICoTSE were reported in 1966 [27] . The analysis of the RTD leads to a general and useful description of the hydrodynamic pattern of a TSE, and is also useful for explaining the effects of process parameters. Tracers used were blue dyes [28] [29] [30] [31] , radioactive tracer techniques [14, 29, 32] , chemical elements Na and K [33] , KCl [34] or NaCl [35] , a luminescent tracer [36] , an optical tracer [37] , and iron powder [38] . The most recent contributions of RTD were presented by [28, 34, 35, 38] . It is known that [34] uses potassium chloride as a tracer which is measured by a conductivity meter, while [38] uses iron powder as tracer measured by a magnetic technique. Mixing effects have been investigated through studies of morphology development and modular screw configurations [5, [39] [40] [41] . Parallel discs were used by [41] as a simplified model to study micro-mechanisms of TSE in shear-induced flow field, and reveal that the shear rate is possibly the most important factor for the final morphology. The mechanical energy distribution and temperature profiles were reported by [42, 43] , who compared results of ICoTSE with the stirred tank reactor (STR). 
Simulation approach
TSE is a three-dimensional unsteady process, therefore, simulations of ICoTSE will be a challenge for many years to come. A few commercially available packages are listed in table 2.
Flow in screws is generally simulated by flattening out screws and performing both analysis and calculations in Cartesian coordinates [44] . The procedure has been adopted from the earliest efforts on SSE [70] . One-dimensional TSE simulators are based on simplified theoretical modelling for forward and backward pumping flows, flow in kneading disc section, composite modular, and mixing. The results are given along the flow direction, although these do not permit the observation of detailed flow patterns which are of great importance to the mixing analysis [45, 46] . Two-dimensional models [47, 48] provide less restrictive simplifications which can offer a somewhat more precise local information of the flow behaviour in the case of TSE analysis. A more sophisticated numerical approach to the complex geometry of TSE is taken by using the finite element method (FEM) [49] . To account for the three-dimensional time-dependent motion of the screws rotating about their axes, [50] [51] [52] have simulated a sequence of several instantaneous positions. Recently, computational fluid dynamics (CFD) techniques have been employed for numerical simulations of TSE polymer processing by using the FEM [53] , flow analysis network (FAN) [54] and the boundary element method (BEM) [55] in three-dimensional laminar viscoelastic flow. With CFD techniques, it is possible to analyse with deeper insight a wide range of TSE designs for optimizing the processes [56] . One of main simplifying assumptions is that the TSE is fully filled although a large fraction of the TSE operates in starvation mode.
Flow features of TSE process
The flow features of TSE have been investigated since the 1960s. As mentioned in section 2.3, flow macro-mechanisms are given and classified in a series of papers [4] . Generally, the righthand side screw transports materials, the left-hand side screw controls the pressure field, while the kneading disc melts and mixes materials. The flow regime is envisaged as being composed of three distinct types of flow: drag flow, pressure flow, and net flow [4, [64] [65] [66] . Since [17] described that the fluid moves in figure '8' motions around the periphery of the screw and in periodic forward motions in the kneading disc section, flow mechanisms have been investigated further by a number of researchers, and material transport patterns are illustrated in figure 1 [4, [67] [68] [69] . The flow characteristics of modular TSE were first described by Armstroff and Zettle in 1970, and subsequently by Werner in 1976, White and co-workers in 1987, 1989, 1990 and others [4] . They observed that modular co-rotating TSE under starve-fed conditions process sequential fully filled and starved regions. This characteristic was associated with the interaction of the pumping capabilities of the different elements along the screw axis consistent with the die pressure [70] . Current experimental and numerical studies have focused on the macro-scale motion, but only few authors described the micro-mechanisms of shearing flow by TSE process in experimental [41] and numerical approaches [71] . These authors reported that the fundamental mechanisms of shearing-induced flow in the TSE process are influenced by shearing forces and viscosity ratio. However, flow mechanism studies by those authors are for laminar viscoelastic flows of highly viscous materials in polymer processing. No studies have been reported for immiscible liquid alloys and SSM alloys [72] until TSEs were employed for casting processes [73] .
TSE flow macro-mechanisms may be different for various modular types and materials, a few comparisons have been made [4] for intermeshing counter-rotating TSE. Generally, some common characteristics are achieved, a much broader distribution of residence times, a much greater distributive mixing ability, kneading disc mixing elements tend to broaden distributions in co-rotating TSE. However, it is difficult to go much further since much depends on the modular twin-screw design.
Rheomixing approach by TSE process in metallurgical material fields
TSE has been successfully applied to alloy casting processes by Fan and his co-workers [73] , such as rheomoulding [16] , rheomixing [1] , and rheoextrusion [73] . However, applications of TSE in immiscible alloys casting process have different flow mechanisms, which result in the desired solidified microstructure of cast immiscible alloys. The study of immiscible Zn-Pb binary alloys in shear-induced turbulent flows is significantly important to provide more detailed information into the rheomixing process, to increase our control of the rheology of an emulsion and its microstructure. An understanding of the fluid dynamics inside and around a suspended drop is necessary for delineating the mechanisms of microscopic transport and microstructure of immiscible alloys casting. Figure 2 shows a TSE machine for rheomixing process, which is equipped with a specially designed modular TSE for mixing immiscible alloys. Here, we present a numerical analysis of the hydrodynamic behaviour of an immiscible metallic drop in a shear-induced turbulent flow, which is the main flow feature in the TSE rheomixing process. The emphasis of the present work is to investigate hydrodynamic behaviours and to draw qualitative differences in the features produced by different shearing approaches and properties.
Rheomixing process for immiscible alloys casting
Rheomixing is an integrated process for production of near-net shape components from immiscible alloys, such as Zn-Pb, Al-Pb, Ga-Pb systems. Rheomixing starts from melting metal ingots and pouring the melts into the rheomixer above the miscibility gap. Molten metal is then sheared through the miscibility gap to form a uniformly mixed paste, and transferred into a shot sleeve. This is subsequently injected into a die. Advantages of the rheomixing process include near-net shape production, one-step production, microstructural management, improved production efficiency, improved property combinations, lower overall cost.
The twin-screw used in the rheomixing process has a 16 mm diameter at tip and 3 mm groove with a special profile [6] to achieve high shear rate and enhance the positive displacement pumping action. The maximum rotation speed of the screw is designed at 1000 rpm, which corresponds to a maximum shear rate of 4082 s −1 in the gap between the tip of the screw flight and the barrel. The rotation speed for the experimental work in the BCAST laboratory was set at 800 rpm. The status of the immiscible alloy liquid during the twin-screw processing is controlled by a temperature control system which ensures a proper viscosity of the matrix phase from start to finish [1] . The thermophysical properties of immiscible metallic Zn-Pb binary alloys are taken from [74] , while phase equilibrium data of Zn-Pb binary alloys are taken from [75] .
Rheological behaviour of flow in TSE rheomixing process
Understanding and simulating the flow around the twin-screws has always been a difficult and challenging task due to the complex geometry in the vicinity of the interscrew regions and the large deformations induced by the two rotating screws. Understanding the fundamental flow mechanisms on a microstructural scale will help to optimize the mixing processes.
The flow fields of a self-wiping TSE can be divided into two hypothetical regions, one in which the two screws intermesh (nip or intermeshing region) and the other far away from the nip, referred to as the convey region. The flow in the convey region is considered to be similar to the flow in the channel of a SSE. The advantages of a TSE over a SSE are often attributed to the nip region, which is considered to have a positive displacement character [76] .
Basically, the main feature of a TSE is a strong shear flow field produced by co-rotating intermeshing screws. Droplets are created on a microscopic scale, and the turbulent flow enhanced by mixing, swirling and pumping actions in a macroscopic scale. Two immiscible liquid alloys are stirred before pouring into a TSE, and the minority phase Pb liquid is in the form of larger droplets. The main concern for the rheomixing process is droplet interaction, including rupturing, coalescence, and suspension, which affect the microstructure of immiscible alloy castings.
The flow configurations along the axis of TSE in rheomixing process are shown in figure 3 . The procedures for rheomixing can be described in four stages, according to rheological behaviour:
1. Formation of Pb drop in Zn matrix liquid phase: Pb drops formed from two liquid phases by shear stresses, induced by the action of mechanical devices; the minority phase is in the form of large drops. 2. Rupture and coalescence of Pb drops: Pb drops breakup into small droplets by a twin-screw at high speeds. 3. Pb liquid droplet and Zn solid particle collision: collisions occur when the temperature is below T m , the Pb drop is broken up into fine droplets by collision with Zn solid particles in turbulence flow activated mainly by mixing block elements, to prevent the coarsening of Zn particles. 4. Stability of dispersion and suspension: Pb droplets are dispersed by turbulence and suspended in the Zn matrix phase due to the increased viscosity of the Zn matrix phase in semi-solid state. The viscosity of the matrix phase in semi-solid slurry state counterbalances the Stokes and Marangoni motion (caused by gravity and thermocapillary forces, respectively) of Pb droplets.
Simplified flow fields
Model experiments of parallel discs were performed in order to study the fundamental mechanisms of immiscible polymeric materials in a TSE [41] . A numerical simulation of simplified shear-induced flow for TSE process was presented (same as shown in figure 4a ) by [71] . Numerical simulations provide advantages since various shear rate profiles can be established for setting up initial and boundary conditions, and more complex forces can be easily imposed to reflect the special operating conditions and screw configuration. Here, the essential micro-mechanism of immiscible Pb-Zn liquid alloys in rheomixing process is presented. The rupturing, interaction and dispersion of droplets, the essential microscopic mechanisms of the TSE, are investigated to improve further our understanding of the rheomixing process. The initial and boundary conditions are simplified and categorized as shown in figure 4 . These include one-sided and two-sided shear; rapid profile, linear profile and nil profile of initial shear rate. 
Numerical simulation

Numerical methods
The motion of the interface between two immiscible liquids of different density and viscosity in the volume-of-fluid (VOF) method [77] is defined by a volume fraction function C. The following three conditions are possible: 
where F stand for body forces, and g for gravity acceleration. The properties appearing in the momentum equation are determined by the presence of the component phase in each control volume, that is, the average value of density and viscosity are interpolated by the following formulae
where subscript m represents the matrix phase, and d the drop phase.
The formulation of the VOF model requires that the convection and diffusion fluxes through the control volume faces be computed and balanced with source terms within the cell itself. The interface is approximately reconstructed in each cell by a proper interpolating formulation, since interface information is lost when the interface is represented by a volume fraction field.
The geometric reconstruction piecewise linear interface construction (PLIC) scheme [78] is employed because of its accuracy and applicability for general unstructured meshes, compared to other methods such as the donor-acceptor, Euler explicit, and implicit schemes.
The pressure drop across the surface depends upon the surface tension coefficient σ ,
where R 1 , R 2 are the two radii, in orthogonal directions, to measure the surface curvature. In the continuum surface force (CSF) formulation [79] , the surface curvature is computed from local gradients in the surface normal at the interface. The normal n is defined by
where C d is the secondary phase volume fraction. The curvature k is defined in terms of the divergence of the unit normaln:
The surface tension can be expressed in terms of the pressure jump across the interface, that is expressed as a volume force added to the momentum equation
The solution algorithm involves the use of a control-volume-based technique to convert the governing equations to algebraic equations that can be solved numerically. Non-linear governing equations are linearized by an implicit scheme to produce a system of equations for the dependent variable in every computational cell. A point implicit Gauss-Seidel linear equation solver is then used, in conjunction with an algebraic multigrid (AMG) method, to solve the resultant scalar system of equations for the dependent variable in each cell [80] . The pressure-velocity coupling is achieved by using the pressure-implicit with splitting of operators (PISO) scheme [81] . The standard k-ε turbulence model is employed for turbulence-imposed flow.
Simulation of two-dimensional liquid metallic drop in shear-induced mixing process
Deformation evaluation of a Pb metallic drop.
The initial Pb phase drop is suspended in the matrix phase of liquid or semi-solid slurry of Zn. The metallic drop is assumed to have an undeformed radius r d and viscosity µ d , while the matrix phase has viscosity µ m . The liquid immiscible metallic Pb drops breakup into small droplets in shear-induced flow, with small daughter drops forming in areas of high local shear. The initial breakup factor K r is defined as the ratio of the capillary number of daughter drop to parent drop, and the elongative length factor K L is defined as the ratio of the elongative length of daughter drop to parent drop diameter. These factors will be used for measuring the characteristics of initial breakup evolution:
where r dd denotes the daughter drop radius,γ is the imposed shear rate, given by the equatioṅ γ = 2nπ(r s /δ − 1) in rheomixing processes [65] , r s is the screw radius and n is the screw rotation speed, δ corresponds to the channel depth scale of the TSE between barrel and screw surface. The shear rate in the twin-screw rheomixing process is distributed in the flow field with an area of high shear rate located between the flank top of the screw and barrel wall, as well as an area located near the tip of two flights. These are defined as one-sided shear and two-sided shear imposed flows, with a low shear rate area in the middle of the screw channel. The deformation of a Pb metallic drop in one-sided shear flow is shown in figure 5 -case 1. For two-sided shear-induced flows, results of the simulations are similar to case 1. Daughter drops were born on both sides as shown in figure 5-cases 2 and 3. The deformation of the Pb metallic drops in the three cases is quite different from previous studies [82] . The deformations are strongly influenced by the ratio of viscosity λ, as shown in figure 6 . The effect of viscosity is illustrated in figure 6 through cases 4 and 5. The initial breakup factor K r = 0.167, K L = 3.833 for case 4, and 0.125, 2.667 for case 5. Case 4 reaches the full breakup much faster than case 5, and the shape of daughter drops in case 5 is longer than in case 4. The viscosity of the Zn metal matrix phase is increased during the rheomixing process. When the temperature is close to the monotectic temperature, the Zn matrix phase will be in semi-solid state, with much higher viscosity than in the liquid metal state. According to the observations in cases 4 and 5, the shearing action should be completed before the temperature drops to the monotectic temperature. The rheomixing process will be more efficient if the operating temperature is not close to the monotectic temperature. The shearing time will be shorter and the daughter droplets will be finer. 
Rupturing behaviour of a Pb metallic drop.
The deformation of a Pb metallic drop finally leads to its breakup into droplets. The full rupturing process of a Pb drop in shearinduced flow is shown in figure 6 . The rupturing is faster in two-sided shear-induced flow than in one-sided shear-induced flow. However, the shape of the daughter drops is a long rice shape which becomes longer with increasing shear rate, as shown in figure 5 case 2 and case 3. The droplets have smaller size and spherical shape in case 1, but it takes double the time of case 2 and case 3 to complete the full breakup. The effects of the viscosity ratio on the full breakup evolution are shown in figure 7 , where the maximum size of the daughter drop is increased with decreasing viscosity ratio λ. The ratio of the maximum size of daughter drop to the diameter of parent drop at full breakup is K r max = 1.292, 0.792, 0.725, 1.042, and 1.083 for cases 1, 2, 3, 4 and 5, respectively. size of the first daughter drop (K r = 0.083) and the largest size of daughter drop at full breakup (K r max = 1.292). The minimum size of the daughter drop has occurred in turbulent flow (cases 6 and 7). Taylor numbers for K L show the deformation of the parent drop at the time of formation of the first daughter droplet in each case. Taylor numbers for K r max show the shape of the largest daughter droplet at full breakup. The minimum Taylor numbers appear in turbulent flow (cases 6 and 7), meaning that the shape of the droplets is close to a spherical shape than in other cases. Figure 8 shows K r max , the ratio of the largest size of daughter drop to the diameter of parent drop, from the time of formation of the first daughter drop to the full breakup for cases 1-7. The shearing time span from first daughter drop forming to the full breakup for cases 1-7 are quite different, as shown in figure 10 . The duration in the one-sided shearing flow (case 1) is longer than for two-sided shearing flow (cases 2 and 3). The low λ value (high viscosity of the matrix phase, case 5) needs much more time than equal viscosity flow (case 4) to reach full breakup. Turbulent flow (case 6) leads to the formation of the first daughter drop earlier than in laminar flow. The low λ value turbulent flow (case 7) also needs more time than the equal viscosity turbulent flow (case 6) to reach the full breakup.
Summary of rheological behaviour of metal drop in two-dimensional shear-induced flow
Comparisons
Several numerical experiments were performed in order to demonstrate the versatility of the VOF method used in the present study.
The deformation and rupturing behaviour of a Pb metallic drop in Zn matrix phase are different from a viscous drop in shear-induced flow in polymer processing. This can be seen in figures 11 and 12, which show the drop deformation for each case. The algorithms of the VOF method are fully dependent on mesh size to implement proper surface reconstruction. However, they are also influenced by the computation of the interface normal n i,j . Figure 13 depicts the static interface reconstruction of a two-dimensional drop comparing with original work by [79] for the same mesh size.
The non-linear development of Rayleigh-Taylor instability is used to investigate the topologies of interface and numerical convergence since it is used widely in the validation of the VOF method. In this problem, an air/helium system in a rectangular 0.01 × 0.04 m domain is computed to time 0.025 s. Grid sizes are 32 × 128, 64 × 256, adapt 64 × 256 (adaptive mesh based on 32 × 128 grid), adapt 128 × 512 (adaptive mesh based on 64 × 256 grid). The interface is initially a sine wave with amplitude 0.5 mm. As shown in figure 14 , the interface development is tracked properly. With a fine grid, detailed interface features are clearly produced which are blurred in a coarse grid. The results are compared with those of a high order solver [83] on the same mesh size (figure 15). Similar interface propagation is achieved although there is a slight delay in the development of the mushroom cap. The reconstructed interface retains all the small-scale features of the flow. For this type of unstable interface problem, it is noted that beside mesh grid sizes the procedure is sensitive to the time step. Probably, the CFL number (u max t/ x) needs to decrease below the usual value 0.25.
Conclusions
This paper has presented studies of fundamental hydrodynamic mechanisms of immiscible metallic droplets in shear-induced turbulent flow. The simulations are conducted as simplified [83] and velocity vector field at time t = 0.112 s problems through the VOF method with the PLIC scheme, AMG approach and k-ε turbulence model. The metallic drop deformation and rupturing, the essential microscopic mechanisms of the rheomixing process, are investigated to increase our understanding of the basic behaviour of immiscible metallic drops in a prototypical rheomixing process.
It was found that the first daughter drop is the smallest one. This may indicate that the TSE rheomixing process is most suitable for mixing immiscible alloys, because materials are reoriented continuously during shearing. TSE rheomixing process provides good micromixing ability. In order to increase the renewal of materials during rheomixing, optimization of the screw configuration is important, and a suitable number of mixing elements such as kneading discs will help to achieve an efficient reorientation action and more surface renewal.
It is also noted that Pb metallic drops can easily breakup in thin viscous flow, and their shape become more spherical in thick viscous turbulent flow, as well as achieving a more homogenous dispersion. The deformation and breakup can be controlled by the capillary number and the viscosity ratio. The results reveal that in an immiscible Pb-Zn binary alloy system, Pb drops will easily breakup under equal viscosity or high shear rate conditions, turbulence will speed up the breakup process and will lead to the formation of spherical, smaller and uniform size droplets, and homogenous dispersion. Increasing the viscosity of the matrix phase will lead to the formation of spherical droplets, delay the formation of the first daughter droplet and delay full breakup. Possible suggestions for optimizing the rheomixing process may be given as follows: start shearing immiscible metallic binary alloys under enhanced turbulence and temperature above T m . Both phases have the same viscosity value, which might cause fast breakup and fine droplets, shortening the time until full breakup, saving power consumption. If the shearing remains at temperature T m , this will result in spherical droplets as the viscosity of the matrix phase is increased. Droplets will also be dispersed stably in thick matrix phase and will be suspended homogenously in the matrix phase. Control of the viscosity of the matrix phase by temperature is important because it will balance the Stokes and Marangoni motion of droplets (that cause sedimentation and migration, resulting in stratification and segregation in the microstructure, respectively), which are the main obstacles to the industrialization of immiscible alloy casting.
The studies reveal a wealth of interesting rheological and microstructural features that provide qualitative insights into rheomixing, which are consistent with previous experimental work [85] .
